Protein glycosylation involves the addition of monosaccharides in a stepwise process requiring no glycan template. Therefore, identifying the numerous glycoforms, including isomers, can help elucidate the biological function(s) of particular glycans. A method to assess the diversity of the N-linked oligosaccharides released from human serum without derivatization has been developed using on-line nanoLC and high resolution TOF MS. The N-linked oligosaccharides were analyzed with MALDI FT-ICR MS and microchip LC MS (HPLC-Chip/TOF MS). Two microfluidic chips were employed, the glycan chip (40 nL enrichment column, 4360.075 mm 2 i.d. analytical column) and the high capacity chip (160 nL enrichment column, 14060.075 mm 2 i.d. analytical column), both with graphitized carbon as the stationary phase. Both chips offered good sensitivity and reproducibility in separating a heterogeneous mixture of neutral and anionic oligosaccharides between injections. Increasing the length and volume of the enrichment and the analytical columns improved resolution of the peaks. Complex type N-linked oligosaccharides were the most abundant oligosaccharides in human serum accounting for ,96% of the total glycans identified, while hybrid and high mannose type oligosaccharides comprise the remaining ,4%.
Introduction
The addition of carbohydrates to proteins is an important PTM given the roles of glycoproteins in many biological processes including immune defense, cell growth, and cellcell adhesion [1, 2] . In addition to providing vital functionality to proteins, glycans also play a role in protein stability [3, 4] . When present in biological fluids, distinct glycan structures may provide information to specific pathologic states in diseases involving cancer and inflammation [5] . Glycans are often branched molecules with differing linkages between the monosaccharide residues leading to a large diversity in structures [1, 6] . The anomeric character of each linkage and the propensity to branch make oligosaccharides ideally suited for containing a broad set of biological information.
Two main types of oligosaccharides are attached to proteins, N-linked and O-linked. O-linked glycans (or O-glycans)
are attached to the hydroxyl group of either serine (Ser) or threonine (Thr) . N-linked glycans (or N-glycans) are attached to the amide group of asparagine (Asn) having a consensus sequence of Asn-Xxx-Ser/Thr and a less common one, AsnXxx-Cys (cysteine), where Xxx can be any amino acid with the exception of proline [2, 7, 8] . These oligosaccharides have a basic core comprised of three mannoses (Man) and a chitibiose or two N-acetylglucosamines (GlcNAc). Monosaccharides are subsequently attached stepwise through cellular pathways involving highly conserved enzymes [5, 6] . The N-linked glycans are mainly categorized as high mannose, complex, and hybrid type oligosaccharides, comprising approximately 90% of the glycans present in eukaryotic cells [2, 4] . High mannose types are defined by the attachment of mannose residues to the pentasaccharide core, while complex types have no mannose residues aside from those present in the core but are branched (up to five antennae) with additions of N-acetylglucosamine residues to the mannoses. Lastly, hybrid types are a combination of high mannose and complex type oligosaccharides. Addition of a bisecting GlcNAc to complex types and N-acetylneuraminic acid (sialic acid, NeuAc) and fucose (Fuc) to complex and hybrid types leads to more structural diversity within each subgroup [1] .
A recent report by Packer et al. [9] thoroughly discusses the advantages of glycomics for disease discovery. Thus, glycan profiles can provide information to diagnose diseases and disorders such as congenital disorders of glycosylation [7, 10, 11] , cirrhosis [12] , and cancer [13] . More recently, glycan profiles from human serum using MS were studied for breast [14] , ovarian [15] [16] [17] , pancreatic [18] , and prostate [19] cancer diagnosis demonstrating the potential of glycomic profiling for early disease diagnosis. MS analysis of glycan mixtures released from glycoproteins by enzymatic or chemical means provides rapid and sensitive composition determination based on accurate mass measurements, although many possible structures may correspond to a given composition. Due to the structural diversity of glycans, isomers differing in linkage and connectivity must be separated and profiled to identify specific candidates for diseases. For these reasons, techniques are being developed to analyze oligosaccharide mixtures using high performance methods to separate isomers [20, 21] .
Analytical size columns (2.1-4.6 mm diameter) traditionally used for HPLC separation of native oligosaccharides include porous graphitized carbon (PGC), amine/amidebased, and anion-exchange media as stationary phases [22] [23] [24] [25] [26] [27] . Derivatization of oligosaccharides with 2-aminobenzamide (2-AB) is often employed with standard NP columns [7, 28] . Butler et al. [7] profiled N-linked glycans labeled with 2-AB from human serum glycoproteins separating them on an amide column using normal-phase HPLC. Alternatively, PGC columns have been used to determine glycan profiles from HPLC for a number of standard glycoproteins including erythropoietin [29] [30] [31] , parotid gland [28] , fibrin(ogens) [32] , and human serum [7, 28, 33] . PGC columns have the advantages of separating a mixture of neutral and sialylated oligosaccharides in a single run, being stable over a large pH range, and having low column variability [23] . Kim et al. [33] recently profiled N-glycans and proteins from human serum simultaneously using parallel capillary columns packed with PGC and C18 with electrospray MS.
Nanoflow LC (nanoLC) is emerging as a valuable technique offering high sensitivity, shorter analysis time, high resolution, and effective separation [21] . The ability of nanoLC to separate linkage and other structural isomers makes it a valuable technique for oligosaccharide profiling, especially when handling small amounts of sample [26, 34, 35] . Integrating mass spectrometric detection with nanoLC improves sensitivity and provides an ideal platform for structure determination [21] . NanoLC had been performed primarily with RP and normal-phase columns that made it difficult to analyze simultaneously both sialylated and neutral oligosaccharides without permethylation or desialylation [36, 37] . Recent studies from this laboratory have shown that oligosaccharides from a pooled human milk sample are readily separated using nanoLC yielding more than 200 neutral and anionic species in a single analysis while using PGC as the stationary phase [34, 35] . Employing a high performance mass analyzer yielded not only highly reproducible retention times but also high mass accuracy (1-6 ppm mass error).
Given the potential of N-linked oligosaccharides as markers for diseases, it is necessary to fully characterize the extent and the heterogeneity of the N-linked glycome. In this report, we profile the N-linked glycome in human serum using nanoLC coupled to a high mass accuracy analyzer. The combination provides high repeatability in both retention times and mass assignments. The relative quantitation of the three major sub-classes of N-linked oligosaccharides was readily obtained. The oligosaccharides were separated on two different microfluidic chips with varying length and capacity both with graphitized carbon as the stationary phase (a glycan and high capacity chip). The HPLC-Chip was interfaced with an orthogonal TOF-MS. The ability to separate and simultaneously analyze neutral and anionic N-linked oligosaccharides from human serum without derivatization in a single analysis demonstrates a rapid, yet highly sensitive tool with potential for clinical applications.
Materials and methods

Human serum samples
Commercial human serum was purchased from SigmaAldrich (St. Louis, MO). Volunteers from the UC Davis Medical Center, Davis, CA, generously provided donor samples.
Release of oligosaccharides from serum by
N-glycosidase F digestion N-linked oligosaccharides were released from human sera using N-glycosidase F, PNGase F, (EMD Biosciences, San Diego, CA). For each 50 mL of human serum; 50 mL of 0.2 M ammonium bicarbonate and 2 mL PNGase F (specific activity !10 U/mg protein) were added. The samples were then placed on a rotating carousel in a 377C oven for 24 h. To the mixture, ethanol was added to a total volume of 90% ethanol and the mixture was placed into a 2207C freezer overnight. The mixture was then centrifuged and the ethanol supernatant was removed and dried in vacuum. The sample was then reconstituted with 1 mL of nanopure water and was purified using SPE.
Reduction of released oligosaccharides
After the N-linked oligosaccharides were released, the N-glycans were reconstituted with 100 mL of nanopure water. To the samples 100 mL of 2.0 M sodium borohydride was added and incubated at 657C for 2 h. Samples were then purified by SPE.
Oligosaccharide purification using SPE
Oligosaccharides released by PNGase F were purified using graphitized carbon cartridges, GCC (Alltech Associated, Deerfield, IL). Each cartridge was conditioned with 4 mL nanopure water followed by 4 mL 0.1% TFA in 80% ACN in water, v/v [22, 23, 27] . The oligosaccharide solution was loaded onto each cartridge and washed with 12 mL of nanopure water at a flow rate of approximately 1 mL/min to remove excess salts. The oligosaccharides were eluted in the following order; 10% ACN in water v/v, 20% ACN in water v/v, and 0.05% TFA in 40% ACN in water v/v. Each eluted fraction was collected and dried in vacuum using a Centrivap Concentrator (Labconco Corp, Kansas City, MO) prior to mass spectral analysis.
HPLC-Chip/TOF-MS analysis
Oligosaccharide fractions were analyzed using an Agilent 6200 Series HPLC-Chip/TOFMS system equipped with a microwell-plate autosampler (maintained at 20.07C), capillary sample loading pump, nanopump, HPLC-Chip interface, and the Agilent 6210 TOF LC/MS. The HPLC-Chip (Glycan Chip) consisted of a 40 nL enrichment column and a 4360.075 mm 2 i.d. analytical column, both with graphitized carbon (5 mm) as stationary phase. For comparison, a high capacity HPLC-Chip was used and consisted of a 160 nL enrichment column and a 15060.075 mm 2 i.d. analytical column, both packed with graphitized carbon (5 mm) as the stationary phase. For sample loading, the capillary pump delivered 0.1% formic acid in 3.0% ACN in water v/v isocratically at 4 mL/min. Injection volume was 0.2 mL for each sample. A nanoliter pump gradient was delivered at 0. . Data analysis was performed using Analyst QS 1.1 software and the deconvoluted lists of masses were generated using Agilent Mass Hunter (Molecular Feature Extraction) software. The retention time reproducibility of the respective columns was assessed after alignment using the algorithm developed by Wong et al. [38] . Oligosaccharides were identified using a Glycan Finder software program (written in-house) in Igor Pro version 5.04B (WaveMetrics). The algorithm was designed to examine a list of experimentally measured masses and searched for all possible monosaccharide combinations matching the experimental mass within a specified tolerance level (mass error). In addition to providing information regarding the possible monosaccharide composition, the program output sorts each measured mass based upon its retention time and relative intensity.
Fourier transform ICR (FTICR) MS analysis
Oligosaccharide fractions were initially analyzed on a Pro-MALDI FT-ICR MS (IonSpec, Lake Forest, CA) system equipped with hexapole accumulation cell, 355 nm pulsed Nd:YAG laser, and 7.0 Tesla magnet. The sample was prepared by mixing analyte, 1 mM NaCl, and 0.3 M 2,5-dihydroxybenzoic acid in 50% ACN in water v/v (Sigma-Aldrich) in a 1:1:1 ratio on a 100 well MALDI sample plate. The mixture was then dried similar to the fast evaporation method. Tandem MS was performed using sustained off resonance irradiation (SORI) CID. The precursor ion was isolated and excited 1000 Hz of their cyclotron frequency at SORI amplitude of 2.55 V. Nitrogen gas was pulsed in to maintain a pressure of 10 26 Torr.
N-linked oligosaccharide data analysis
The output obtained from IGOR was further refined through a "biological filter" adapted from Cooper et al. [39] . The filter sorts compositions based upon the quantities of each monosaccharide present for a composition and classifies the oligosaccharide as neutral complex, anionic complex, and hybrid/high-mannose type. For instance, to categorize hybrid and high mannose oligosaccharides the presence of deoxyhexose (dHex) (fucose) has been omitted because fucosylation of high mannose and hybrid types are less evident in humans [40] . Hybrid and high mannose differentiation was based upon knowledge that high mannose glycans are comprised of Man 5-9 GlcNAc 2 and the remaining oligosaccharides would be classified as hybrid. The criteria used for each oligosaccharide category is outlined in Table 1 . 
HexNAc 4 3 Results and discussion
Mass profile of N-linked glycans from human serum
Oligosaccharides were obtained from serum through the procedure described above. Before the LC analyses, mass profiles of the samples were obtained using MALDI FT-ICR MS. The results provided confirmation of the presence of oligosaccharides with an independent method that is complementary to the HPLC/Chip TOF. Tandem MS was also performed using MALDI FT-ICR MS to confirm the compositions of several of the more abundant species. For glycomic analysis, mass-profile procedures are often employed, however suppression effects complicate the spectra. More abundant glycans suppress the signals of less abundant glycans among neutral oligosaccharides, moreover neutral oligosaccharides often suppress the signals of anionic oligosaccharides, particularly those containing NeuAc, in the positive ion mode [41] . However the loss of NeuAc(s) and fucose can also occur, as previously demonstrated by our laboratory [42] . Prefractionation is necessary to mitigate some of the suppression effects particularly those between neutral and anionic oligosaccharides. Three fractions (10, 20 , and 40% of ACN in water) were used to elute the oligosaccharides from the graphitized carbon cartridges by SPE. Figure 1 shows the MALDI FT-ICR MS analysis of the unreduced N-glycans released by PNGase F from commercial serum eluted with the different concentrations of ACN solutions. Figure 1a shows the MALDI FT-ICR MS of the 10% fraction, which contains neutral oligosaccharides. Figure 1b While accurate masses can rapidly provide glycan composition such as the number of Hex, HexNAc, NeuAc, and dHex (fucose), it is necessary to validate these assignments using a separate method. Tandem MS was used to probe sev- eral of the more abundant species using CID. Figure 2a is the fragmentation pattern of a neutral oligosaccharide with m/z 1647.595. The CID spectrum shows fragment ions consistent with a composition corresponding to 4Hex, 4HexNAc, 1 dHex. The N-glycan with m/z 1809.655 is shown in Fig. 2b  confirming the composition, 5Hex, 4HexNAc, 1 dHex. Using a mass profile one can obtain compositions accurately even in complicated mixtures. Fractionating the oligosaccharide mixture into three fractions minimizes but does not fully eliminate suppression. Based upon the mass spectra of the three fractions in Fig. 1 , 20 distinct compositions were identified from the m/z values in the three fractions and are listed in Table 2 . This number corresponds to masses of N-linked glycans, however no information on the number of isomers associated with each N-glycan was obtained.
NanoLC of N-linked glycans in human serum
NanoLC was performed on the reduced and unreduced Nglycans released from human serum. Each individual N-glycan SPE fraction was initially analyzed prior to combining the fractions to obtain an N-glycan profile for a particular serum sample. Separating the glycans by chromatography into single components alleviates the suppression problem often encountered when electrospraying solutions by direct infusion. A microchip device, employed in this study, was developed for separating glycans using nanoLC and graphitized carbon. Two chips with varying column lengths were utilized, a commercial glycan chip corresponding to a chip with a 40 nL enrichment column and a 4360.075 mm 2 i.d. analytical column, and a high capacity chip with a 160 nL enrichment column and a 15060.075 mm 2 i.d. analytical column produced specifically for this project. Both chips were packed with graphitized carbon as described previously [43, 44] . The microchips were interfaced with an Agilent TOF mass analyzer that routinely provided a mass measurement accuracy of less than 3 ppm.
NanoLC-MS of each SPE fraction and the combined fractions were performed. Analysis of each individual fraction was necessary because the SPE fractionation was used to improve partitioning of oligosaccharides in highly complicated mixtures. Once each SPE fraction was profiled and characterized, an aliquot of each SPE fraction was combined and the mixture was also analyzed by nanoLC MS. All mass spectra were obtained in the positive mode. Figure 3 shows the base peak chromatograms of the three fractions 10% (Fig. 3a) , 20% (Fig. 3b) , and 40% fractions (Fig. 3c) . The 10% fraction contains neutral oligosaccharides, which elute between 15.0 and 25.0 min. The 20% fraction contains both neutral and anionic oligosaccharides eluting between 15.0 and 30.0 min, while the acidic oligosaccharides in the 40% fraction elute much later between 25.0 and 35.0 min. There is considerable overlap in the signals between the 10 and 20% fractions, however primarily core fucosylated oligosaccharides were present in the 20% fractions based on the intensities of each N-glycan (data not shown). The total ion chromatograms of the three fractions can be found under Supporting Information. The base peak chromatograms of the three fractions (Fig. 3) were labeled with the putative structure for the most abundant glycan for each chromatographic peak. The structures were based solely on composition and profiles of human serum N-glycans from literature [33, 45] . The analysis of each component in the three fractions showed that the 10% contained a mixture of the neutral complex, hybrid, and high mannose, while the 20% fraction contained a mixture of the neutral complex, hybrid, high mannose, and some anionic complex oligosaccharides. The 40% fraction was predominantly anionic complex oligosaccharides, however some neutral complex, hybrid, and high mannose oligosaccharides were observed. Moreover in all three fractions a biantennary N-glycan with a possible bisecting HexNAc was observed, however based upon composition this N-glycan can also be a triantennary N-glycan. Further studies will be needed to confirm the structure of this N-glycan and has been labeled as biantennary with a bisecting HexNAc due to the rigid isomer having a lower retention time on the PGC in comparison to a more planar triantennary N-glycan.
Based upon the chromatograms and deconvoluted data, the retention order of the oligosaccharides were determined. The hybrid type oligosaccharides are the first to elute followed by the high mannose type, both found in the 10% fraction. The high mannose oligosaccharides observed were low in abundance in comparison to the complex types. However based on the deconvoluted data, the oligosaccharide with the larger molecular mass among the high mannose oligosaccharides eluted first, while the lower molecular mass oligosaccharides eluted at later times. These findings were in agreement with those observed by Itoh et al. [29] in their study of model oligosaccharides released from standard glycoproteins. The neutral fucosylated complex type oligosaccharides were found in all three fractions. The acidic oligosaccharides that eluted at later times were seen only in the 20 and 40% fractions with the predominance in the latter fraction. Among the acidic complex N-glycans, the monosialylated biantennary with and without core fucosylation were the most abundant. These results are consistent with previous observations on PGC, that anionic oligosaccharides have a higher affinity to the graphitized carbon compared to neutral oligosaccharides [22, 23] . It should be noted that the precise nature of the interaction between the oligosaccharides and the graphite sheets of the PGC remains poorly understood and therefore, retention patterns are not easy to predict [22, 23, 25, 27] .
Representative extracted ion chromatograms (XICs) of the neutral and acidic oligosaccharides are shown in Fig. 4 to illustrate the separation and the number of isomers that may comprise a specific composition. Five oligosaccharides (three neutral and two sialylated) were selected and compared between the glycan and the high capacity chip. The prototype, high capacity chip, has an analytical column that is 3.5 times longer than the standard glycan chip. These experiments were performed to determine whether better separation of isomers could be obtained with the high capacity chip. The three neutral oligosaccharides chosen for this purpose were composed of dHex, Hex, and HexNAc but with varying quantities of the latter two monosaccharides. The XICs from both chips of neutral N-glycans in human serum are illustrated in Fig. 4 . The three neutral oligosaccharides showed two isomers for each composition. The results from the glycan chip were in agreement with the results from the high capacity chip. Mass spectra corresponding to the maximum of the dominant peak for each XIC are shown to the right of each XIC. For all three glycans, the doubly protonated species were the dominant peaks with the singly protonated species being minor signals. There appears to be only minor differences in the chromatograms between the glycan chip and the high capacity chip.
For comparison, the anionic oligosaccharides were examined. The XICs of two anionic oligosaccharides are illustrated in Fig. 5 . Results from the standard glycan chip are shown with the high capacity chip, both yielding similar results. The two anionic oligosaccharides have the same compositions of 1 N-acetyl neuraminic acid (NeuAc), 5 Hex, and 4 HexNAc (Fig. 5a) , with the larger differing only by the presence of a dHex (Fig. 5b) . Several peaks with different retention times were observed for each of the two ions, indicative of possible isomers for those specific compositions. As with the neutral glycans, the mass spectra show the doubly protonated species as the most intense peaks with the corre- 21 with a composition of 1 dHex, 5 Hex, 5 HexNAc. The chromatograms on the left column were obtained using the glycan chip (a-c) and those on the right column were obtained using the high capacity chip (d-f).
sponding singly protonated species with significantly lower intensity peak. Interestingly, it appears that the sialylated oligosaccharides may have more possible isomers than the neutral oligosaccharides. Three to four potential isomeric species were observed for the sialylated glycans compared to the two observed for the neutral glycans. It is not confirmed whether the isomers of the sialylated oligosaccharides are from a2,3-and a2,6-linked NeuAc or from the possibility of partial fragmentation of the N-glycans due to the loss of a NeuAc or fucose and will be the subject of future publications.
There were concerns that a, b anomers would separate under nanoLC conditions. Davies et al. [22] reported the separation of reduced oligosaccharides (alditol form) on PGC to reduce complication of anomers. Therefore the released N-glycans were reduced to their alditol forms and fractionated by SPE. The reduced fractions were analyzed with the HPLC-Chip/TOF MS. Reducing the oligosaccharides increased the resolution of the chromatograms. Extracted ion chromatograms and deconvoluted lists of masses of the reduced oligosaccharides were obtained and compared with its native form to determine the degree of isomerization. In comparison to the native form, a decrease in the number of isomers was not observed for the larger N-linked oligosaccharides, however for small biantennary N-glycans a decrease in the number of isomers was observed and will be the subject of future work.
An attempt was made to determine the total number of oligosaccharides that can be identified using this method. After deisotoping the LC-MS data for each component, the possible N-linked glycan composition(s) for each m/z ion was determined within 10 ppm mass error using an inhouse program (Glycan Finder) written in IGOR Pro. The program was written to determine potential combinations of user specified monosaccharides for a particular m/z within a defined mass error tolerance. Two sets of criteria were used to verify the composition of each glycan. First, the mass tolerance was selected at 10 ppm and the composition must have the pentasaccharide core (minimum of 3 Hex and 2 HexNAc). Compositions outside that range were rejected. Second, the composition was examined to determine whether it corresponded to one of the three types of N-linked oligosaccharides; high mannose, hybrid, and complex. This "biological filter" followed the conditions outlined in Table 1 . For example, hybrid and high mannose oligosaccharides rarely contain NeuAc. A list of the N-glycans and the compositions observed in human serum are provided as Table S1 in Supporting Information. The N-glycans observed were primarily in the doubly charged, [M12H] 21 , state and have been deconvoluted to their neutral masses.
Reproducibility of the method and instrumentation
Triplicate experiments were performed to assess the method and to determine the general performance of the HPLCChip/TOF for N-linked glycans analysis. In these experiments three aliquots of commercial serum were processed separately and the resulting glycan mixture were analyzed with the glycan chip. Figure 6a shows the base peak chromatogram for the neutral glycans. The base peak chromatogram is sensitive to discrepancies in mixtures, which can affect the profile. Figure 6a shows the variations in the glycan release and the total abundances of the monitored glycans. Figure 6 . Base peak chromatograms of (a) the neutral oligosaccharides from triplicate digestion experiments, (b) the neutral oligosaccharides from a single experiment after repeated injections of three using the glycan chip, and (c) the neutral and anionic oligosaccharides after repeated injections of three using the high capacity chip.
The retention times of these glycans were in agreement with under 1% RSD. These variations are likely a result of the release and purification method of the oligosaccharides prior to MS analysis. Multiple injections of the same volume from a single fraction were also analyzed using the glycan chip (Fig. 6b) and the high capacity chip (Fig. 6c) . The retention times, peak heights, and peak areas of the double charged ions m/z 732, m/z 813, and m/z 894 were monitored. Both chips performed well in retention time reproducibility having less than 1% RSD, however the high capacity chip showed less retention time shifts compared to the glycan chip. The glycan chip did perform better in peak height and peak area reproducibility than the high capacity chip, however both performed generally well.
Variations in serum glycans of different individuals
N-glycans released from two individual donors were purified by SPE and the three N-linked oligosaccharide fractions were combined and analyzed by nanoLC MS. The individual sera samples analyzed corresponded to a female (Donor 1) and a male (Donor 2). Figure 7 is representative of the total ion chromatograms of the released oligosaccharides in the sera samples using the high capacity chip. A similar glycan profile was observed using the glycan chip (data not shown). The three sera samples, commercial human serum, Donor 1, and Donor 2, had similar profiles with overlapping of the higher abundance peaks. Many of the same oligosaccharides were found in the three sera samples. Differences between the three sera samples were expected and include differences in intensity and minor shifts of the same peak. Factors most likely affecting variability in sera samples include age [46] and possibly gender. Pie charts based upon intensities of the identified glycans were generated to approximate the proportions of the different types of N-linked oligosaccharide for each individual (Fig. 8, left) . As shown, the N-linked glycans in human serum are mostly complex type oligosaccharides, accounting for ,96% of the total N-linked glycans present. High-mannose and hybrid type oligosaccharides are lower in abundance making up the remaining ,4% of the total N-linked glycans. These findings are consistent among the three individual sera samples and between the two chips used in this study. The abundances of the saccharides present were also compared. The abundances of the following saccharides present in each serum were determined, "Hex 1 HexNAc," "dHex," "NeuAc," and "dHex 1 NeuAc." The pie charts (Fig. 8, right) show the amounts of each of the monosaccharide or disaccharide combinations.
Concluding remarks
Native, underivatized N-linked oligosaccharides released from sera samples were separated on a microfluidic chip using graphitized carbon and analyzed using an integrated HPLC-Chip/TOF MS system. Nearly 200 glycans have been identified based on exact mass measurements using the glycan chip. A list of the N-linked oligosaccharides observed was generated including high mannose, fucosylated complex, sialylated complex, and fucosylated-sialylated complex type glycans. Additionally, profiles of three individual serum samples were analyzed and the glycan profiles were compared. Based upon the sera analysis, human serum mainly consists of complex type N-linked oligosaccharides that are fucosylated. Further studies, including tandem MS and exoglycosidase digestions, are necessary to determine the exact structures, linkage information, and monosaccharide type of each possible isomer observed. Two different chips were used in this study, the glycan chip and the high capacity chip, both offered good sensitivity and reproducibility in separating a heterogeneous mixture of neutral and anionic oligosaccharides. For comparison, samples were also run on the high capacity chip, which had an analytical column that was 3.5 times longer in length than the glycan chip. Results from the high capacity chip were equivalent to those from the glycan chip both having less than 1% SD in retention time reproducibility. Increasing the analytical column length improved resolution, however reproducibility in peak height and area were not comparable to the glycan chip. 
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